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Abstract

Due to the major discrepancy between the exigent demands regarding the electrical energy quality and the irregular nature
of the wind, which is characterized by random and instantaneous speed variations, it is vital to determine the optimal oper-
ating point that maximizes the efficiency of the obtained electrical energy in the grid from wing generators. The present
paper addressed the above-mentioned problem by introducing a fuzzy logic control system in the standard on—off control
strategy. The purpose is to maximize the power point tracking of wind energy and to reduce the mechanical loads in which
variable wind speed is considered. This idea has the ability to drive the conversion system to its optimal operating point,
thereby solving the switching component problem (also referred to as the chattering problem) of the standard on—off control
strategy. To examine the validity of the proposed idea, the obtained results are compared with those given by the standard
on—off control strategy wherein our method can ensure a better dynamic behavior of the wind energy conversion system.

Keywords Wind energy conversion system (WECS) - Maximum power point tracking (MPPT) - Standard and fuzzy on—off

controller - Induction generator (IG)

1 Introduction

Wind energy is the one of most renewable energy sources
that is widely used in the world. It is almost universally rec-
ognized as the main promising source of energy to generate
clean electricity in short and medium terms. It has numerous
advantages such as contributing to environmental preserva-
tion [1] and generating no waste nor greenhouse gases from
the obtained power because its generation system does not
pollute the atmosphere, soil, or water [2]. Finally, the deriva-
tion of this source is not ephemeral and is always available
in nature [3].

Two types of wind conversion systems may be consid-
ered. First, the conversion system is provided from the fixed
wind speed. Therefore, the generator is directly connected
to the grid, from which a poor quality of power energy is
derived in the grid when the wind varies [4]. Second, the
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conversion system is provided through the variable wind
speed, from which the generator is equipped with a power
electronic converter and then connected to the grid.

Compared to the first conversion system, the second one
has many advantages such as good maximum power point
tracking (MPPT) performance, a robust decoupling system
between generation and grid frequency, as well as good flex-
ibility between them in terms of control and optimal opera-
tion [5], and better efficiency to control mechanical stress
with reduced cost [6]. For these reasons, variable speed wind
turbines are currently the most important and fastest growing
application of wind generation systems [6, 7].

In terms of the type of generators for wind energy con-
version systems (WECS), several configurations are widely
used for the variation speed wide. Among them is the electri-
cal generator, which is either a synchronous generator with
external field excitation and a permanent magnet synchro-
nous generator (PMSG) or a doubly fed induction generator
with a squirrel cage [8, 9] equipped with a front-end AC-AC
power electronic converter [10, 11].

Recently, induction generator systems are becoming
more commonly used for several reasons such as their mod-
eling simplicity, their reliability, and their allowing maxi-
mum power extraction over a large range of wind speeds.
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Furthermore, their active and reactive power controls are
fully decoupled by independent control of the rotor currents
[12].

The objective control of the variable speed of a WECS
consists of maximizing the extracted power. Therefore, a
considerable amount of MPPT techniques has been pre-
sented in the literature. Such techniques can be basically
categorized into four groups: tip-speed ratio (TSR) control,
optimal torque control (OTC), power signal feedback (PSF)
control, and hill-climb search (HCS) control.

The first algorithm is required to maintain the optimal
value of the TSR at which the extracted power is maximized
by regulating the rotational speed [13, 14].In the OTC algo-
rithm [15, 16], the torque of the generator is tuned to obtain
the optimum torque reference curve according to the maxi-
mum power of the wind turbine. The PSF method requires
knowledge of the maximum power curve of the wind tur-
bine to find the optimal value of the power rotation speed
with various wind speeds [17, 18]. Finally, HCS control is a
mathematical optimization used to locate the local maximum
point of a given function [12, 19]. This algorithm brings the
operating point around the maximum power coefficient by
increasing or decreasing the rotational speed using a step.

In the past several years, many researchers have focused
on the variable speed control of wind turbines in the litera-
ture. These studies have started with classical controllers
such as the proportional integral (PI) controller for con-
trolling the generator torque [20] and the linear quadratic
Gaussian (LQG) controller for ensuring an optimal dynamic
behavior of the WECS around the operating point [21] and
have continued with some modern controllers such as the
generalized predictive control (GPC) controller for maxi-
mizing the generated power of the WECS [22, 23],sliding
mode control [24], and implementation of the reference
model for a doubly fed induction generator (DFIG) based
upon the WECS presented in [25]. Unfortunately, the above
control strategies required a linear model in which robust-
ness against plant uncertainties cannot be guaranteed owing
to the strong nonlinear dynamics of WECSs.

In this regard, synthesis controllers based upon the on—off
control strategy have been suggested to avoid the above dis-
advantages. The obtained controllers have the ability to max-
imize as much as possible the power of the induction gen-
erator while superimposing tracking of the optimal torque
value [26]. However, a common drawback of these strategies
appears in the definition step of the switching component,
which is followed by the sign of the TSR error and therefore
yields a discontinuous sign function.

Lin et al. [27] proposed a sliding mode controller com-
bined with a fuzzy inference mechanism for the PMSG
speed control in a wind generation system. The main con-
tribution of this paper is to introduce a fuzzy logic control
(FLC) strategy in the alternate component of the on—off

controller to maximize the extracted power and to eliminate
the chattering phenomenon caused by mechanical stress,
such that the performances of the standard on—off control
are enhanced and the obtained power energy is therefore
increased. A plant model in which strong non-stationarities
are considered is proposed to model the dynamic behavior
of the wind turbine. Furthermore, a robust controller syn-
thesized from combining fuzzy logic and on—off control
strategies is proposed to maximize the power captured by
the WECS. The controller can drive the conversion system
to the optimal operating point by which the switching com-
ponent problem is resolved in the synthesis controller step.

The present paper is organized as follows. In Sect. 2, a
brief description of the proposed system with variable wind
speed will be presented. In Sect. 3, the modeling steps of the
wind energy system will be given. In Sect. 4, a fuzzy on—off
control strategy of the WECS and a robustness analysis will
be discussed in detail. In Sect. 5, simulation results will be
proved. Finally, we end with a conclusion and numerical
data of the proposed system.

2 Description of the WECS Equipped
with an Induction Generator

The system to be controlled consists of the WECS based
upon an induction generator. The stator winding is con-
nected to the electrical grid. However, the rotor, which is
driven by the wind turbine, is connected back-to-back to
an AC-DC-AC voltage source converter (see Fig. 1). The
power captured by the wind turbine is converted into an elec-
trical form by the induction generator and is transmitted to
the grid via the stator winding. The produced power must
have the same quality when it reaches the electrical network,
i.e., 220 V amplitude and 50 Hz frequency. Its harmonics
must be kept at a low level, despite changes of both wind
speed and consumed electrical energy, which may be either
active or reactive. The variable speed regime is achieved
by torque control to maximize the power captured by the
WECS. References such as [2, 5] give the requirement
details of wind turbines.

3 WECS Modeling Steps

3.1 Modeling of the Wind Turbine Connected
with MPPT

The kinetic energy of the wind can be converted into electri-
cal energy that can be expressed as

E, = %mv2

ey
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Fig. 1 Schematic diagram of the

WECS equipped with the induc-

tion generator
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where vis the wind speed and m is the air mass that passes
through a disk in time unit, defined by

m = pSd )
where p, S, and d denote, respectively, the air density, the
area swept by the rotor blades, and the distance traveled by

the wind. The power available from the turbine is defined
by [28]

1
Py = SprR*V’ 3)
From Betz’s theory, the mechanical power harvested by
the wind turbine is given by [29]

P, = %anzvSCp(}n, B) )

where R, A, p and Cp are, respectively, the blade radius, the
tip-speed ratio, the pitch angle, and the energy coefficient.
The tip-speed ratio is defined by

r=(3)e, )
where £, denotes the rotor speed of the wind turbine. The
power coefficient C,,(A, B) depends on the number of rotor
blades and its geometric and aerodynamic shapes (length,
profile of sections, etc.). They are designed according to the
characteristics of a site, the desired power rating, the type
of regulation, and the type of operation (at fixed or variable
speed). C, (A, B) is presented as a nonlinear function of A and
B, which are tabulated, and is described by a family of poly-
nomials. The theoretical upper limit of the power coefficient
C is given by Betz’s limit [30]:

pmax

16
C = — = 0.59
> (6)

pmax

In practice, friction and the drag force reduce this value
to ~ 0.5 for large wind turbines. We can also compute
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A 4

Torque control

analytic expressions of C,(}) for different values of A.
The analytical expression generally used is a polynomial
regression [30]:

gm:ZmI 7
Figure 2 shows the C,—A curve for 0 <A < 12.
According to this figure, it is easy to see that the maxi-

mum value of the power coefficient (i.e., Cpp, = 0.498)

is achieved when the speed ratio attains its optimal value

Gi.e., A=17).

The aerodynamic torque [ can be determined through
the mechanical power P,, and the rotation speed of the

blades,€2,. It is given as follows [31]:
=2 ®)

The mechanical torque I',, which is applied on the gen-
erator shaft, is defined by [29]

r=(z)n ©)

where G denotes the gearbox of the generator. The mechani-
cal generator speed £2,, is determined by solving the follow-
ing differential equation:
ds,

J7+f!2m=1"g—l"e (10)
where f and J denote the friction coefficient and the system
moment of inertia, respectively. Furthermore, the rotation
speed £2, is also determined from the mechanical generator
speed €2, as

Q. =0G (11)

Figure 3 shows the connection of the mechanical parts
of the wind turbine by using MPPT.
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Fig.2 C,-) characteristics

Fig.3 Connection of the wind
turbine by using MPPT

3.2 Modeling of the Induction Generator

The stator and rotor components that model the nonlinear
induction generator behavior are defined in d—q coordinates
by [32]

dog,

Vgs = Rxlds + dr

— WPy

— P Ay,
Vgs = Rslqs + 4 D P45
0=Ri, + doq, _ (12)
= Ky lgy dr qu)qr
. do,,
0= erqr + 4 @, Pyr

and its stator and rotor fluxes are given by [33]

Pas = Lsids + Lmidr

(pqs i isl:qs + iml:qr (13)
Par = Lilgy + mlds
@gr = Lyig + Ly

‘m°qs

where v, Vg, Vg Vs Ve and vy are the measured sta-
tor voltage components; Iy, Lo, Lyr g5 U5 Bgr» and iy, are,
respectively, the components of the stator and rotor current;
Pas> Pyss Par» a0 @, Ve, Voo, Vi, Vi, are the components
of the stator and rotor flux vectors;R,and R, are the stator
and rotor phase resistances;L, and L, are the cyclic stator and
rotor inductances; and L,, is the cyclic mutual inductance.

The plant model of the induction generator is estab-
lished from both Egs. (12) and (13) using MATLAB/Sim-
ulink software. Its stator voltages give the plant model
output, and the plant model input is given by the electro-
magnetic torque, which is expressed by

Fe = EPL_ (lqs(pdr - lds(pqr) (14)

In the next section, we will assume that the rotor field
is oriented along the d axis. Consequently, the rotor flux
®,, becomes equal to zero (i.e., ¢, = 0) and Eq. (14) can
be rewritten as
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3 L,.
Fe = EpL_lqs(pdr (15)

The obtained electromagnetic torque will be compared to
the one provided by the proposed fuzzy on—off controller
wherein an optimal reference stator current can ensure a
constant stator voltage with a constant frequency in the elec-
trical grid.

In the Appendix, Table 2 summarizes the induction
machine parameters and Table 3 gives the numerical data for
each parameter of the wind turbine.

4 Proposed Fuzzy On-Off Design Controller

Enhancement performances of the standard on—off controller
for any wind speed profile present the main contribution of
this paper. This goal was achieved by using the proposed fuzzy
on—off controller, which ensures an optimal reference elec-
tromagnetic torque. The proposed control strategy is shown
in Fig. 4.

If the rotor flux ¢, is constant, the generator torque I, can
be controlled by the stator current i, and the rotor flux ¢, is
related only to the excitation component of the stator current
i, and the direction of the stator current i, along the d axis
determines the direction of ¢,. In Fig. 4, we can get the rotor
flux @, and the slip angular velocity o, by using the rotor flux
function and the slip function, respectively. The g axis refer-
ence current i;; is proportional to the torque reference I’ that
is generated from the fuzzy on—off based MPPT controller
and varies under wind speed variations. According to Fig. 4,
the three-phase line currents are compared to the three-phase
reference currents applied to a hysteresis controller to gener-
ate pulse-width modulation (PWM) pulses to control the con-
verter. Therefore, the proposed fuzzy on—off controller has the
ability to generate the above mentioned torque by minimizing
the discrepancy between the tip-speed ratio are its optimal
value [34]. This discrepancy is given by

G = hop =} (16)

Minimizing ¢ requires an optimal control law. The control
law obtained by using the standard on—off control strategy has
two control components, the equivalent control component ©%4
and the alternate high-frequency component #”. The obtained
control law is expressed by

u=ul+u" a7
The control component 11 is defined by
1 G (}‘om)
eq _ [ = R3 2
u <2ﬂp —xoptG vy (18)
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where v, denotes the low-frequency wind speed compo-
nent. However, the control component ", which alternates
between —a and +a, where o > 0, is defined

u" = asign(o) (19)

Notice that the control component #*? makes the system
operate at the optimal point. In contrast, the control com-
ponent u" has the ability to stabilize the dynamic behavior
of the system around this optimal point when it is reached.
Therefore, the chattering problem appears because of the
term sign(c) given in Eq. (19).

Substituting the alternate high-frequency component u"
by the fuzzy control law ' solves the above problem, yield-
ing the following new control law:

new = U+ 1/ (20)

Figure 5 shows the proposed schematic diagram for
determining the control law u, ., and the optimal reference
electromagnetic torque I';". According to Fig. 5, it is easy to
see that the reference electromagnetic torque I}, which is
given through the electromagnetic subsystem (EMS) block,
is ensured by the proposed new control law u,,, . Figure 5
shows also that the low-frequency component v, is extracted
from the wind speed v(¢) using the high-order low-pass filter
(LPF). Furthermore, two zero-order sample-and-hold (S&H)
blocks are introduced before the proposed FLC system to
limit the loop switching frequency if 6 and 6 have large spec-
trums. So that, if this frequency is too large, the dynamic
behavior of the electromagnetic subsystem becomes too fast,
such that the control loop becomes inefficient. The S&H
blocks are approximated as first-order low-pass filters, each
given with the time constant Tgg;; = TE, where T denotes the
sampling time chosen by the user.

Now, preventing the switching component is an important
aspect in the on—off control strategy. A fuzzy system is a
particular form of nonlinear mapping, from which the fuzzy
system input is achieved by the variable ¢ and its derivative
¢ and the fuzzy system output is given by /.

Moreover, the fuzzy input—output system is linked
through a rule base, which is commonly obtained from
expert knowledge. It contains a collection of fuzzy condi-
tional statements expressed as sets of “if—then” rules such as

u

R @ if(x,is A7 )and (x,is A )and - (x,is A7) then (zis B")
where A" and B" are fuzzy sets with membership func%ions
Hyr(x;) and pg (), respectively, x(t) = [x,,x,,...,x,| are

the input variables vector, z is the output variable, r is the
number of rules and, z is the number of the fuzzy variables.
With a singleton fuzzifier, a product inference engine, and a
weighted average defuzzification, the output of the fuzzy
system can be written as [35]
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Fig.4 Conversion system based upon the proposed fuzzy on—off controller

i, 00 (TT iy (50) )
iy (T ke (v0))

() = =0"(P((@) (1)

where n, is the number of total fuzzy rules, 0(¢) is the vec-
tor of the centers of the membership functions of z, and
P = ['Pl, w2, ?’”r] Tisa fuzzy basis vector, where ¥’ is
defined as

T s (50)
>, (TI vy (50) )

¥(x(1) = 22)

In Table 1, the following fuzzy sets are used:NB: negative
big, NM: negative medium, NS: negative small, ZR: zero,

PS: positive small, PM: positive medium, and PB:positive
big.

Furthermore, the proposed fuzzy rules for the output vari-
able 7/ are listed in Table 1.

The fuzzy rules of the output variables are built to guar-
antee the stability of the system around the operating point
by choosing a control law such that only ¢ = 0. In fuzzy
on—off control, fuzzy logic theory is applied to compensate
for the system uncertainty and reduce the effect of the chat-
tering. The idea of extracting the fuzzy rules is similar to
that of applying a saturation function. The difference is that
the control gain varies along with the on—off surface all the
time.

If 6 is NB and 6 is NB then 7 has a large negative value.
As a result, the energy of ¢ decays fast. If 6 is ZR and 6 is
ZR then Z/ is ZR.
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Fig.5 Proposed fuzzy on—off
control for MPPT

Inference

rules

Table 1 Fuzzy rules 5 o+
c NB NM NS ZR PS PM PB
NB NB NB NB NB NM NS ZR
NM NB NB NB NM NS ZR PS
NS NB NB NM NS ZR PS PM
ZR NB NM NS ZR PS PM PB
PS NM NS ZR PS PM PB PB
PM NS ZR PS PM PB PB PB
PB ZR PS PM PB PB PB PB

If 6 is PB and ¢ is PB then the PB value of 7/ is allowed
to avoid chattering, where the desired fuzzy control law is
determined by

Z?:g] (eip'c,- p‘(r,.)

W =ad =a- (23)
49
Yot (Mo ks,)
Equation (20) can be rewritten as follows:
% T (Ohms,
Uyoy = (%npR3—i( (g) >vf +(x—;;( o) (24)
opt i (/”s[/”c‘r[)

Here,0' is the singleton control in the ith rule, and H, and
M, are, respectively, the membership functions of 6 and 6 in
the i rule. Figure 6 presents the linguistic values for 6, &,
and 7. We define seven triangular membership functions

@ Springer

distributed within the range [— 1, 1]. Then there are 49 rules,
which are used in the simulation [36].

5 Results and Discussion

The simulation results were obtained using MATLAB/
Simulink software. The proposed fuzzy on—off control-
ler performances were verified for various wind profiles.
The wind’s speed was altered from 5 to 8 m/s with a
mean of 7 m/s. The time range used for the simulation
was t € [to, fmax] = [0, 120] s wherein the sampling time
T = 0.01s was chosen (see Fig. 7).

Notice that the maximum value of the energy coefficient
is given by Comax = 0-475. Furthermore, Fig. 8 compares
the curves of the energy coefficient given by the standard
and the fuzzy on—off control strategies.
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the mean square error of ¢ provided by the previous control-
lers can be expressed by

K
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Fig. 10 Tip-speed ratio error
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where n, = tm% is the sampling number. Therefore, the

N

proposed controller provides n, = 0.5419. In contrast, the
standard on—off controller provides n, = 1.1022. Therefore,
a 50% improvement is guaranteed by using our proposed
method. Figure 11 compares the electromagnetic torques
that are provided by both previous controllers; we can see
that better tracking of the reference electromagnetic torque
is ensured by using the improved on—off controller.

Figure 12 shows the obtained performances of the WECS
based upon the proposed controller.

According to Fig. 12, it is easy to observe that the dis-
tribution of the operating point is given around the optimal
regime characteristic (ORC) in the speed—power plane (see
Fig. 12a) and that the electromagnetic torque is provided
around the optimal tip-speed ratio A, =7 (see Fig. 12b).
As a result, both figures confirm the effectiveness of the

Electromagnetic torque
25

Standard On-Off controller

Improved On-Off controller

Eletromagnetic torque reference
|

20 ﬂ

Te[Nm]

Time (s)

Fig. 11 Electromagnetic torque

proposed controller wherein the operating point variance
around the ORC is always satisfied.

6 Conclusions

In this paper, a fuzzy control law has been proposed to solve
the chattering problem of the standard on—off design con-
troller, thereby enhancing its performance. The proposed
controller was applied to a WECS equipped with an induc-
tion generator connected to the electrical grid. It provided
optimal reference electromagnetic torque in which power
point tracking is maximized for the variable wind speed
case. The previous electromagnetic torque was determined
through the proposed FLC system. Its inputs were the dis-
crepancy between the tip-speed ratio and its optimal value
as well as the time derivative of the above discrepancy.
Moreover, it generated fuzzy control law that replaces the
undesired alternate high-frequency component law, thereby
avoiding the chattering problem of the on—off control strat-
egy. Afterward, the proposed fuzzy control was combined
with the equivalent control in which the reference electro-
magnetic torque was derived. The reference electromagnetic
torque improved the quality of the reference stator current,
and the obtained performances given through the WECS
were enhanced. The obtained simulation results demonstrate
the notable improvement that the control strategy supplies.
Furthermore, the proposed method can also be applied to
any conventional on—off control strategy and to some other
energy conversion systems.

Fig. 12 Performance of fuzzy 3500 25
on—off control b
3000 (a) ( )
20
2500
s 2000 T 15 \\
E 2
1000
\ ;
500 w
0 0
0 20 30 40 0 5 10 15
ol [rad/s] A
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Appendix

See Tables 2, 3.

Table 2 Parameters of the induction generator

Designation Parameter ~ Value

Rated voltage V, 220V

Rated frequency £ 50 Hz

Number of pole pairs p 2

Stator winding resistance R, 1.265 Q

Rotor winding resistance R, 1.430 ©

Stator winding self-inductance L, 0.1452 mH

Rotor winding self-inductance L, 0.1452 mH

Stator winding/equivalent rotor winding L, 0.1397 mH

Table 3 Parameters of the wind turbine

Designation Parameter Value

Air density p 1.25 kg/m®

Blade radius R 2.5m

Distance traveled by the wind d 2.5m

Maximum wind power conversion Comax 0.475
coefficient

Optimal tip-speed ratio Aopt 7

Rotor inertia J 3 kg m?
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